Background. Endogenous retroviruses (ERV) are remnants of former exogenous retroviruses that had previously invaded the germ line of the host that can be vertically transmitted across generations. While the majority of ERVs lack infectious capacity due to the accumulation of deleterious mutations, some ERVs remain active and produce potentially infectious viral particles. ERV sequences have been reported in all mammals; however, the distribution and diversity of ERVs in several primate taxa remains unclear. The aim of this study was to identify and classify the ERV sequences in the genomes of the golden snub-nosed monkey (Rhinopithecus roxellana) and the black and white snub-nosed monkey (Rhinopithecus bieti), two endangered primate species that exploit high altitude (2,500-4,500 m) temperate forests in southern and central China. Methods. We used a TBLASTN program to search the ERV sequences of golden snubnosed monkey genome and the black and white snub-nosed monkey genome. We retrieved all complete accession sequences from the homology search and then used the program, RetroTector, to check and identify the ERV sequences. Results. We identified 284 and 263 endogenous retrovirus sequences in R. roxellana and R. bieti respectively. The proportion of full-length sequences of all ERV was 30% in R. roxellana and 21% in R. bieti and they were described as class I and class II or gamma-retrovirus and beta-retrovirus genera. The truncation pattern distribution in the two species was virtually identical. By analyzing and comparing ERV orthologues among 6 primate species, we identified the co-evolution of ERVs with their host. We also examined ERV-like sequences and found 48 such genes in R. roxellana and 63 in R. bieti. Some of those genes are associated with diseases, suggesting that ERVs might have involved the abnormal expression of certain genes that have contributed to deleterious consequences for the host. Conclusions. Our results indicate that ERV sequences are widely distributed in snubnosed monkeys, and their phylogenetic history can mirror that of their hosts over long evolutionary time scales. In addition, ERV sequences appear to have an important influence on the evolution of host pathology.
INTRODUCTION
Endogenous retroviruses (ERVs) are remnants of ancient retrovirus infections that have entered a species germ line and can be transmitted vertically to that host's offspring (Wu et al., 2016) . These sequences, have been detected in all vertebrates genomes including humans, and they often occupy a intermediate fraction of the genome (Blikstad et al., 2008; Gifford & Tristem, 2003) . For example, ERVs contribute to approximately 8% of the human genome and 10% of the mouse genome (Griffiths, 2001; Subramanian et al., 2011; Wu et al., 2016) .
Following recent classification, the International Committee on the Taxonomy of Viruses (ICTV) distinguishes seven genera within the retrovirus family: i.e., alpha-retrovirus, beta-retrovirus, delta-retrovirus, gamma-retrovirus, epsilon-retrovirus, spuma-virus and lenti-virus (Gifford & Tristem, 2003) . The Retroviridae viral family can be divided into three classes, with gamma-retrovirus and epsilon-retrovirus are assigned to class I, beta-retrovirus, alpha-retrovirus, delta-retrovirus and lenti-virus are assigned to class II, and those clustering with the spuma-virus are assigned to class III (Stocking & Kozak, 2008; Vargiu et al., 2016; Villesen et al., 2004) . Generally, a complete ERV element can be represented as 5 LTR-PBS-Gag -Pro-Pol-Env-PPT-3 LTR (Tongyoo et al., 2017) . Two LTRs contain regulatory sequences that can alter the expression, splicing , and polyadenylation of those host genes located near the ERV insertion site (Hayward & Katzourakis, 2015) . The LTRs are generated by reverse transcription and are attached to a primer binding site (PBS) and a polypurine tract (PPT). Gag genes encode the structural components of the viral core that includes the capsid (CA), matrix (MA) and nucleocapsid (NC) protein; Pro genes encode the viral protease (PR); Pol genes encode the reverse transcriptase (RT) and integrase (IN) enzymes; and Env genes encode the surface (SU) and transmembrane (TM) protein (Grandi & Tramontano, 2018b; Stocking & Kozak, 2008) .
ERVs represent genomic fossils of past retroviral infections and can inform us of the diversity and history of retroviruses that have infected a species lineage (Zhuo, Rho & Feschotte, 2013) . At present, studies of ERVs in primates have principally focused on the family Hominidae (humans and apes) and the subfamily cercopithecinae (certain African and Asian monkeys including baboons, macaques, guenons). There is growing evidence that ERVs have played an important role in the evolution of many mammalian lineages by providing new functions and evolutionary stimuli (Deininger et al., 2003; Grandi & Tramontano, 2018b; Heidmann et al., 2009) . In humans, some HERVs are considered to be involved in various diseases. For example, the HERV-W Env mRNA was selectively upregulated in brain tissue from individuals with multiple sclerosis (Brutting et al., 2017; Christensen, 2017; Tselis, 2011) . In addition, a significantly higher HERV-K10, MSRV and ERV-FRD activity was detected in the brains of patients with schizophrenia (Brutting et al., 2017) . Although several studies have investigated the pathogenic role of HERVs, the precise link between any HERV sequence (and its expressed products) and human diseases still remains unclear (Grandi & Tramontano, 2018a) . In general, the majority of research has focused on the characterization of ERV sequences and how this relates to the distribution and evolutionary history of primates. For example, BaEV, has been found only in baboons, geladas, mangabeys and in one subspecies of green monkey (Chlorocebus), indicating a strong phylogenetic relationship ( Van der Kuyl, Dekker & Goudsmit, 1995) . Similarity, the expressed level of one family of ERV, ERV-W Env, is significantly higher than other ERV families in the rhesus macaque (Macaca mulatta). This suggests that in the rhesus macaque, retroviral envelope proteins may play a more crucial role than the other ERV families in the evolutionary history of this species (Eo et al., 2014) .
Although nonhuman primates represent model organisms for studies on endogenous retroviral diseases, studies of ERVs in the subfamily Colobinae are uncommon and lag behind other primate radiations. This likely results from the fact that given specializations of their digestive tract (colobines are foregut fermenters and possess a sacculated and low acid stomach that contains a highly diverse microbial community), and their consumption of a diet high in fiber, colobines are difficult to keep in captivity (Guo et al., 2018) . Here we examine the distribution and classification of ERVs and function of ERV in two species of Asian colobines of the genus Rhinopithecus.
The Colobinae represent a highly successful radiation of 10 genera and over 76 species of African and Asian monkeys (IUCN, 2016) (Brandon-Jones et al., 2004) . The sacculated stomach of colobines enable them to exploit difficult to digest foods that are high in structural carbohydrates and toxins such as tree bark, mature leaves, lichen, and seeds (Ross, 1995; Zhou et al., 2014) . Snub-nosed monkeys comprise a group of five extant species of Asian colobines that are found in China (four species), Myanmar (one species) and Vietnam (one species). All five species are among the world's rarest and most endangered primates (IUCN, 2000) . The Chinese species of snub-nosed monkeys are unique because they are distributed in high altitude mountainous at elevations of from 2,000 to 4,500 m above sea level. In the case of R. roxellana and R. bieti, during the winter, snow may cover the ground for several months and nighttime temperatures drop below zero degrees centigrade (Guo et al., 2018; Long et al., 1994) . A comparison of these two closely related species offers a framework to examine genetic and evolutionary differentiation that characterizes this primate lineage.
Recent advancements in genome sequencing offers the strongest method to sample ERV diversity. Complete genome sequence data allow us to investigate the distribution and diversity of ERV sequences within specific genomes in precise detail, and compare these details among different genomes (Gifford & Tristem, 2003) . Here, we used bioinformatics tools to identify ERV sequences in R. roxellana and R. bieti using RetroTector (Sperber et al., 2007) . We also identified neighboring genes of ERV sequences and discuss the possible effects of ERVs on gene regulation and their potential contribution in understanding how the structure and function of these sequences impact primate biology and health.
MATERIALS & METHODS

Identification of endogenous retrovirus
We used the Gag protein and the Env protein sequences of the gibbon ape leukemia virus (GenBank number: NP_056791.2; NP_056789.1) as a query and the TBLASTN program (Altschul et al., 1997) to search the golden snub-nosed monkey genome (GCA_ 000769185.1) and the black and white snub-nosed monkey genome (GCA_001698545.1). We obtained an extensive set of endogenous retroviruses in the sequenced genome and found approximately 100 hits for each species (the TBLASTN search threshold was set as 47% identity and total score was between 1,710 to 253). Then we uploaded the matched sequences to RetroTector online (ROL) to examine their structure and conducts a detailed analysis (Sperber et al., 2007) . RetroTector (ReTe) is a platformindependent Java program for identification and characterization of provirus sequences in the vertebrate genome. The ROL is a light version of ReTe. ROL implementation (http://retrotector.neuro.uu.se/pub/queue.php), allows GenBank accession number, file, and FASTA cut-and-paste admission of sequences (5 to 1000000 kilobases). ROL can identify full integration and estimate the open reading frame. Moreover, it can detect proviruses a priori and is not dependent on repetition, giving one the capacity to identify low-copy number retroviral sequences (Sperber et al., 2009; Vargiu et al., 2016) . This allowed us to obtain a detailed analysis of retroviral sequences found in the submitted sequences, which we then viewed with the program, RetroTectorViewer.jar.
Multiple sequence alignment and phylogenetic analysis
For a complete and accurate analysis, we selected a total of 141 complete full-length ERV sequences that contained 5 LTR, PBS, Gag, Pro, Pol, Env, PPT and 3 LTR structure, including 84 GERV sequences and 55 BERV sequences (Files S1-S4). A multiple alignment was constructed from the DNA sequences of the GERV and BERV using BioEdit v7.0.5 (Hall, 1999) . Maximum likelihood (ML) phylogenies were estimated using nucleotide sequence alignments with Standard RAxML v8.1.17 (Stamatakis, 2014) with 1,000 bootstrap replicates. All ERV sequences were classified to different genera based on sequences similarity to known ERV sequences for vertebrates (Table 1) . Phylogenetic trees were analyzed and adjusted using MEGA7 and iTOL v4 (Letunic & Bork, 2016)(http://itol.embl.de/) .
Identification of similar ERV sequences and Neighboring genes
Flanking sequences on both sides of the GERV and BERV sequences were selected to identify ERV-like sequences in the genome. The BLAST program was used to measure the similarity of all flanking sequences of GERV and BERV. We detected 13 sequences that were significantly similar with 0 e-value score and query cover ≥85%. These 13 GERV and BERV sequences also had high similarities. To discover additional ERV sequences in the whole genome and to reveal viruses that may have infected primates, we used ERV sequences (RR146/RB237) as a query sequence to query the whole genome sequences in primates with that of available whole genome sequences. For each potential ERV sequences, the RetroTector program was used to check their structure. We found ERV-like sequences in Homo sapiens (PRJNA168, GCA_000001405.27), Macaca fascicularis (PRJNA215851, GCA_000364345.1), Macaca mulatta (PRJNA16397, GCA_000772875.3), Piliocolobus tephrosceles (PRJNA419387, GCA_002776525.1), Theropithecus gelada (PRJNA477372, GCA_003255815.1) and Pan troglodytes (PRJNA10627, GCA_002880755.3). We used the same procedure indicated above to align sequences and build a phylogenetic tree. The region information of genes and the position information of ERV sequences were obtained to determine the ERV neighboring genes. The flanking sequences of ERV were used to detect the homology genes in the human genome. Finally, we compared the similarities between the ERV with the flanking sequences as well as the same position of human genes obtained in the previous step by BLAST in NCBI.
RESULTS
Endogenous retroviruses identification
Consistent with the consensus nomenclature used for the human endogenous retrovirus (HERV) (Boeke & Stoye, 1997 ) and the chimpanzee endogenous retrovirus (CERV) (Polavarapu, Bowen & Mcdonald, 2006) , here we refer to the golden snub-nosed monkey endogenous retrovirus by the acronym GERV and black and white snub-nosed monkey endogenous retrovirus by the acronym BERV. Using the procedure described above, we identified a total of 284 GERVs with an average length of 8229 base-pairs and 263 BERVs with an average length of 8068 base-pairs (Files S3 and S4). For a complete and accurate analysis, we selected full-length ERV sequences which contained four major genes (gag, pro, pol and env), two sites critical to replication (PBS and PPT) and flanking with 5 LTR and 3 LTR (Files S1 and S2). We found 85 full-length GERVs with an average length of 9,364 base-pairs and 56 full-length BERVs with an average length of 8,867 base-pairs. The proportion of full-length sequences of all endogenous retroviruses was 30% in the golden snub-nosed monkey and 21% in black and white snub-nosed monkey.
According to the 5 LTR-PBS-Gag -Pro-Pol-Env-PPT-3 LTR structure of the endogenous retrovirus, we detected different types of truncation patterns. The proportion of each truncation pattern is shown in Fig. 1 . Nine classification types of truncation patterns were detected: complete element, 5 -truncated, PBS truncated, gag truncated, pro truncated, pol truncated, env truncated, PPT truncated and 3 -truncated. As indicated in Fig. 1 , the truncation pattern distribution in the golden snub-nosed monkey is similar to that in the black and white snub-nosed monkey. While the majority of truncation patterns in the golden snub-nosed monkey were PPT truncations and 3 -truncations, truncations in black and white snub-nosed monkey were enriched with PPT and PBS truncations. Overall, the fewest truncation patterns in each of the two species were gag truncations and pol truncations.
Grouping the endogenous retroviruses into classes and genera
We used 33 full-length endogenous retroviruses sequences (Table 1) to construct a phylogenetic tree using BioEdit v7.0.5 and RAxML v8.1.17. The resulting 33 endogenous retroviruses were grouped into three classes and seven genera based on the bootstrap values generated in the phylogenetic tree (Fig. 2) . Class I contains elements related to the gamma-retroviruses and epsilon-retroviruses. Class II elements are related to alpharetroviruses, beta-retroviruses, delta-retroviruses and lentiviruses. Class III elements are related to spuma-viruses.
To better understand the classification of GERVs and BERVs, we further performed a phylogenetic analysis based on 84 full-length GERVs and 33 reference endogenous retrovirus sequences of seven genera (Fig. 3) . Of the 84 GERVs identified in our study, 68 GERVs groups were class I which were related to gamma-retroviruses. Only seven GERVs groups in class II were related to beta-retroviruses. Class I GERVs accounted for 81% and class II GERVs accounted for 8.3%. Class I GERVs are the most abundant endogenous retroviruses in the golden snub-nosed monkey while only a small number of class II endogenous retroviruses were present. We also conducted a phylogenetic analysis based on 55 full-length BERVs and 33 reference endogenous retroviruses sequences characteristic of the seven genera (Fig. 4) . In the tree shown, 21 BERVs groups of class I belonged to gamma-retroviruses genera, and 33 BERVs groups of class II belonged to beta-retroviruses. Class I BERVs accounted for 38.2% and class II BERVs accounted for 60%.
Identification of similar ERV sequences and inferring virus evolutionary history
Golden snub-nosed monkeys and black and white snub-nosed monkeys were found to exhibit several common ERV sequences, i.e., 13 GERV and BERV sequences that were virtually identical, including their flanking sequences. In order to study the evolutionary history of ERVs in primates, we used RR146/RB237 as a query sequence to search all primate genomes in the NCBI database. We found 13 species which had an ERV similar to RR146/RB237. However, only 6 of these species were detected by the RetroTector program.
To understand their evolutionary relationships, we established a phylogenetic tree among ERV orthologues from Homo sapiens, Macaca fascicularis, Macaca mulatta, Piliocolobus tephrosceles, Theropithecus gelada and Pan troglodytes. The resulting phylogeny revealed two major lineages, the first containing the Old-World monkeys (Cercopithecoidea), including Macaca fascicularis, Macaca mulatta, Piliocolobus tephrosceles, Theropithecus gelada, Rhinopithecus roxellana and Rhinopithecus bieti (Fig. 5) . The second lineage included Homo sapiens and Pan troglodytes, which belong to the Hominoidea. Given that our sampling of ERV diversity was limited, these results do not fully reflect the evolutionary history of the primate endogenous retroviruses. Moreover, based on our results (Fig. 5) , the evolutionary history of ERVs tends to broadly follow the evolutionary history of their hosts. These data also revealed that virus phylogenetic history can mirror that of their hosts over long evolutionary timescales.
Endogenous retroviruses neighboring gene profiles
We found 48 and 63 neighboring genes in the golden snub-nosed monkey and black and white snub-nosed monkey, respectively (Files S5 and S6). By comparing these ERV neighboring gene sequences with their homologues in humans, we found, for example, the PEX3 gene, ALDH1A1 gene and ARL11 gene contain the ERV sequence in the golden snub-nosed monkeys, but not humans. In contrast, the PNPT1 gene and the DOCK5 gene, which contain ERV sequences, are identical in these two species. In the black and white snub-nosed monkey, the GPC5 gene and the TLR5 gene contain ERV sequences while in humans, these genes do not. However, the CHEK2 gene and DOCK5 gene in humans and in black and white snub-nosed monkey both contain an ERV sequence (Fig. 6 ). We also found that the DOCK5 gene is present in the golden snub-nosed monkey, the black and white snub-nosed monkey and humans, and the alignment results are highly similar.
DISCUSSION
As part of the ERV infection process, a viral particle can become part of the germline of its host and then vertically transmitted to host's offspring and future generations. Some elements are able to amplify within the genome and increase their copy number, leading to a larger number of ERV fragments (Dewannieux & Heidmann, 2013) . Here, we have identified 284 ERVs in the genome of the golden snub-nosed monkey and 263 ERVs in the genome of the black and white snub-nosed monkey. The proportion of ERV fragments of all endogenous retroviruses was 70% in R. roxellana and 79% in R. bieti. We assume that the accumulation of nonsense mutations, insertions, and deletions of internal coding regions and long terminal repeats resulted in the inactivity of ERV sequences over evolutionary time, and those ERV sequences gradually become incomplete and exhibit many truncation patterns in the genome. Based on phylogenetic relationships (Figs. 3 and 4) , we found that GERV sequences and BERV sequences mostly grouped with class I and class II ERVs. There was no ERV sequence related to delta-retroviruses or lenti-retroviruses. In addition, there was no ERV sequences in class III. This may be due to the fact that delta-retroviruses, spuma-retroviruses and lenti-retroviruses are all complex retroviruses. They code for regulatory proteins with different functions, in addition to gag, pro, pol and env proteins (Geng, 2012) . A further explanation for why these genera have not been previously identified is that the trans-acting regulatory gene products of these complex genera have precluded germline integration (Gifford & Tristem, 2003) . Alpha-retroviruses have only been identified previously in avians of the genus Gallus (e.g., pheasants) (Gifford & Tristem, 2003) . Secondly, the query sequence we used in Blast is the Gag protein and Env protein sequence of the Gibbon ape leukemia virus, which is a gamma-retrovirus. Gamma-retroviruses and beta-retroviruses both have a simple genome organization. Finally, gamma-retroviruses are the most commonly found of all known retroviruses while alpha-retroviruses, delta-retroviruses and lenti-retroviruses are less common (Vargiu et al., 2016) . Therefore, the proportion of gamma-retroviruses and beta-retroviruses in our results is relatively high. ERVs are members of the LTR elements, which represent the most complex elements of retroelements (Khodosevich, Lebedev & Sverdlov, 2002) . The LTRs of ERVs contain many regulatory sequences, such as promoters, enhancers, polyadenylation signals and factor-binding sites. Some of these ERVs could have integrated into regulatory regions of the genome, and they may influence the expression of nearby genes, which have consequently contributed to host evolution or associated with diseases (Goodier, 2016; Khodosevich, Lebedev & Sverdlov, 2002) . This means that genes near the ERV could be affected by the promoter in the LTR of ERVs. For instance, HERV immunosuppressive functions might contribute to cancer progression by reducing the immune recognition and attack of tumor cells (Grandi & Tramontano, 2018b) . Thus, ERVs we have found in the golden snub-nosed monkey and black and white snub-nosed monkey genomes may have influenced the expression of nearby genes and therefore associated with increased susceptibility to diseases. However, additional studies are needed to evaluate the potential impact of ERV expression on host health and its role in regulating signaling pathways involved in the manifestation of particular diseases.
CONCLUSIONS
Our analysis of the completed published golden snub-nosed monkey and black and white snub-nosed monkey genomes has identified 284 GERV and 263 BERV sequences, most of which are from genera of gamma-retroviruses and beta-retroviruses. The proportion of full-length sequences of all endogenous retroviruses is 30% in the golden snub-nosed monkey and 21% black and white snub-nosed monkey. However, more data are needed to determine whether these structurally complete ERV sequences remain active. In addition, the relationship between these ERV neighboring genes and diseases is unclear. In summary, our results document a co-evolutionary process between ERVs and their primate hosts that
